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We report the results from the application of our optical potential and relativistic optical
potential (ROP) methods to electron–magnesium scattering. The energy range of this study
was 0–5000 eV, with the results for the integral elastic cross sections, summed discrete
electronic-state excitation integral cross sections, momentum transfer cross sections, and total
ionisation cross sections being reported.Where possible, we compare the present results to the
available experimental data and to the earlier results from close coupling and R-matrix type
computations. Typically, a quite fair level of accord is found between our ROP calculations and
the earlier theoretical and experimental cross sections. Additionally, from the assembled da-
tabase, we provide for the modeling community some recommended cross section sets for use
in their simulations, in which magnesium is a constituent. Electron transport coefficients are
subsequently calculated for reduced electric fields ranging from 0.1 to 1000 Td using a multi-
term solution of Boltzmann’s equation. Substantial differences in the transport coefficients
between the ROP calculations and the recommended cross sections are observed over the
range of fields considered, clearly illustrating the importance of the veracity of the database in
the simulations. Published by AIP Publishing on behalf of the National Institute of Standards
and Technology. https://doi.org/10.1063/1.5081132
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1. Introduction
There has been significant interest in measuring and calcu-
lating cross sections for electron–magnesium (Mg) scattering
overmany years. For elastic and/or discrete excitation processes,
we note the experimental studies from The Jet Propulsion
Laboratory (JPL),1 Flinders University,2–4 and Newcastle Uni-
versity5,6 and an extensive series of measurements from the
Belgrade group.7–11 For completeness, we also note some
electron–photon coincidence studies on the 31P state of Mg5,6,12
and a very recent superelastic experiment on this same elec-
tronic state.13 In terms of the ionisation process, we note total
ionisation cross section (TICS) measurement results from Refs.
14–16. From the theoretical perspective, there has been signif-
icantly more work, with only the most recent and/or relevant
papers now listed. Those studies include B-spline R-matrix
(BSR) calculations from the Drake University group,17–19 con-
vergent close coupling (CCC) calculations from Curtin Uni-
versity,18–20 and an optical potential (OP) variant21 on what we
report here. Note that there are many more earlier theoretical
studies apart from those listed above,17–21 which the interested
reader can find in the reference lists of Refs. 17–21. Of course, at
least in part, what made Mg attractive to study is that it can be
considered as a quasi-two-electron system, and so, for the the-
orists, it remained tractable to full quantum mechanical treat-
ments using developed computational methods.
From a more applied perspective, Mg is an element of
significant astrophysical importance, being produced by hy-
drostatic carbon burning in massive stars.19 Its significant
abundance combined with a raft of spectral features across the
UV to the IR makes it an important diagnostic in studying
stellar and supernova behaviour. This is achieved through
non-local thermodynamic equilibrium modeling of the ob-
served spectra, with some examples being the measurement of
Mg stellar abundances in cool stars,22 as a temperature di-
agnostic of the solar chromosphere,23 as a probe of velocity
fields in giant stars,24 and in the modeling of supernovae
ejecta.25 In all those modeling applications, accurate and
complete26 electron scattering cross sections form a vital
element, as is well documented in the recent paper from
Barklem et al.19
Our own experience of modeling electron transport phenom-
ena,27–32 including the role of electron-driven processes in plan-
etary atmospheres,33,34 suggests that quantitative results are only
achievable if a complete cross section database over a large in-
cident electron energy range (0–5000 eV) is available. This latter
statement provides two of the rationales for the present work.
First, along with our present OP and relativistic optical potential
(ROP) results, we aim to interrogate the available database in
order to provide a set of recommended integral cross sections
(ICSs) for elastic scattering, the summed discrete excited elec-
tronic states and for the total ionisation process. Second, we seek
to provide those data over the energy range 0–5000 eV. In this
respect, we note that the electron scattering database employed in
Ref. 19was only over the range 0–100 eV,which is too narrow for
most transport or kinetic-radiative application simulations.
The structure for the remainder of this paper is as follows: In
Sec. 2, we provide details of our OP and ROP calculations,
while in Sec. 3, we present those results and compare them to
data from other theories and experiments. In Sec. 4, we
detail howwe construct our recommended cross section sets for
e2–Mg scattering and list those cross sections in tabular form.
Note that a discussion of the uncertainty limits on those rec-
ommended data is also provided in this section. We also present
calculated transport coefficients over a range of reduced electric
fields (E ∕n0 where E is the electric field and n0 is the neutral
number density) relevant to the modeling community, high-
lighting the differences in the macroscopic properties arising
from differences in the cross section sets. Finally, in Sec. 5,
some conclusions from the present investigation will be given.
2. Theoretical Details
In this section, we provide some brief details in respect to
our current OP and ROP theoretical methods and their ap-
plication to e2–Mg scattering.
2.1. Optical potential
In order to obtain a complete set of differential and integral
elastic as well as integral inelastic cross sections for electron
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scattering from Mg atoms in the energy range 0.02–5000 eV,
calculations have been performed based on the formulation of
suitable OPs, in order to solve the scattering equations for the
corresponding complex phase shifts. Details on the applica-
tion of the corrected quasi-free absorption potential method to
electron interactions have been provided in previous stud-
ies,35–37 being most recently applied to Be atoms,38 so that
only a brief description will be given here. The electron–atom
scattering process can be represented by the following com-
plex potential:
VoptðrÞ5VstðrÞ1VexðrÞ1VpolðrÞ1 iVabsðrÞ ; (1)
where Vst(r) is the static potential derived from a
standard Hartree–Fock calculation of the atomic charge
density, Vex(r) is the exchange potential, Vpol(r) is the po-
larization potential, and Vabs(r) is the absorption potential
that accounts for the inelastic processes. These potentials
are obtained with a similar procedure as that explained in
Refs. 35–37. Further to this representation, inelastic pro-
cesses are due to electron–electron collisions between
incident particles and a ‘‘quasi-free’’ electron cloud repre-
senting the target electrons. Having corrected some de-
ficiencies in the original formulation of Staszewska et al.39
and adding further improvements in the description of the
electron’s indistinguishability, the inclusion of screening
effects, restoring the magnitude of the local velocity vector
during the collision process, and including relativistic and
many-body corrections (see Ref. 37 for details), we obtained
a model which provides a good approximation for electron–
atom scattering over a broad energy range.37 All these im-
provements are based on first physical principles and no
external parameters are used during the calculation pro-
cedure. In this sense, it is considered an ‘‘ab initio’’ calcu-
lation procedure. As discussed in Refs. 36 and 37, the energy
gap parameter (D) is a critical value which represents the
threshold energy for considering inelastic processes through
the imaginary (absorption) part of the potential. In particu-
lar, see Ref. 36, as originally inelastic processes are con-
sidered as electron–electron collisions between the incident
beam and a free electron cloud representing the target
electrons, we could initially consider D as the threshold
energy to excite continuum states, i.e., the ionisation po-
tential (I). However, we have shown in the aforementioned
previous studies35–37 that defining D as the energy of the first
optically allowed excited state is an approximate way of
accounting for the contribution of the bound state excitation
processes. Strictly speaking, this energy gap should corre-
spond to the first excited state, including optically forbidden
states which are accessible via electron excitation. However
for most atomic targets, the first optically forbidden states
have their excitation energy rather close to the ground state
and their contribution to the overall excitation processes is
quite negligible. Hence considering this energy as the D
parameter could lead to an overestimation of the total in-
elastic cross section. Although the criterion of using the first
optically allowed excited energy as the threshold energy
worked reasonably well in our previous electron–atom
calculations,35–38 the relevance of the first optically forbid-
den excited states needs to be evaluated for each new target
under investigation. Indeed in this case, due to strong config-
uration mixing in the Mg atom, we did need to use the 3P
excitation energy as the threshold energy (2.7115919 eV). A
strong hint for this being important here is the observation of
an intense line at 457.11 nm in the Mg emission spectrum,40
which can only arise if the 3P state is described by an ad-
mixture of triplet and singlet components in the wavefunction.
We used here a standard partial wave expansion procedure.
In order to obtain the lth complex partial-wave phase shift hl,
the scattering equation for the radial wavefunctions has been
numerically integrated and the details of such a procedure can
be obtained from Refs. 35 and 36. Once the corresponding hl
phase shifts are obtained for the above potential [see Eq. (1)],
the elastic differential dselas ∕dV and integral selas cross
sections result from the expressions
dselas
dV
5
1
4k2
jSlmaxl5 0ð2l1 1Þe2ihl 2 1Plðcos uÞj2 (2)
and
selasðEÞ5 4p
k2
S
lmax
l5 0ð2l1 1Þsin2hl ; (3)
respectively, and the total scattering cross section (stotal) re-
sults from the optical theorem stotalðEÞ5 4pk2 Imðfu50Þ.
The total inelastic cross section, sinelas(E), corresponds to
sinelas(E) 5 stotal(E) 2 selas(E).
In order to calculate the electron impact ionisation cross
section, sion(E), the above calculation procedurewas repeated
but using the ionisation energy (IE) as the gap energy pa-
rameter (i.e., D 5 IE). In these conditions, only excitation to
continuum states above the ionisation threshold is considered.
By combining the respective results for both gap energy pa-
rameters, summed electronic excitation cross sections (sexci)
can also be derived from the expression sinelas(E) 5 sion(E)
1 sexci(E).
A summary of the present OP results is given in Table 1,
with the plots of its integral elastic cross sections, summed
electronic-state cross sections, and the TICS being found in
Figs. 1–3, respectively.
2.2. Relativistic optical potential
The other theoretical procedure used here to describe the
elastic and inelastic scattering of electrons from magnesium
atoms is based upon the ROP method of Chen et al.,41 here-
after referred to as I. This OP is obtained from an approximate
solution of the relativistic close coupling equations. Only a
brief discussion of the overall method needs to be given here
and the reader is referred to I for the details.
The scattering of the incident electrons, with wavenumber
k, by magnesium atoms can be described by the integral
equation formulation of the partial wave Dirac-Fock scatter-
ing equations. In the ROP method, these equations can be
expressed in matrix form as
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FkðrÞ
GkðrÞ
 !
5
v1ðkrÞ
v2ðkrÞ
 !
1
1
k
ðr
0
dxGðx; rÞ
"
UðxÞ FkðxÞ
GkðxÞ
 !
2
WPðk; xÞ
WQðk; xÞ
 !
2 i UoptðrÞ
FkðxÞ
GkðxÞ
 !#
;
(4)
where the local potential U(r) is given by the sum of the static
and a local polarization potential, i.e.,
UðrÞ5UstðrÞ1UpolðrÞ : (5)
Here we have followed the procedure given in Refs. 42 and 43
and have replaced the real part of the OP by a local polarization
potential based upon the polarized-orbital method ofMcEachran
et al.44,45 The static potential was determined in the usualmanner
from the Dirac-Fock orbitals of magnesium while the polariza-
tion potential Upol(r) in Eq. (5) comprised the sum of the first 7
static polarization potentials plus the corresponding dynamic
polarization potential. In particular, the static polarization po-
tentials were determined using the polarized-orbital method,44,45
while the dynamic polarization potential was determined by the
method described in Refs. 46 and 47. Furthermore, the polarized-
orbital method yielded a large dipole polarizability of 81.15 a30,
and hence, our static dipole polarization potential was scaled to
give a dipole polarizability of 70.76 a30.
48 In Eq. (4),WP orQ are
the large and small components of the non-local exchange terms
obtained by antisymmetrisation of the total scattering wave-
function [see Eqs. (22a) and (22b) of I], while the non-local
potential Uopt(r) denotes the imaginary part of the OP and de-
scribes the absorption of the incident flux into the inelastic
channels and thereby describes excitation and ionisation pro-
cesses. This potential is given by a sum and integration over the
bound and continuum states of the atom [see Sec. 2.2.1 as well as
Eq. (21b) of I for details].
Finally, in Eq. (4), Fk(r) and Gk(r) are the large and small
components of the complex scattering wavefunction, while
the functions v1(kr) and v2(kr) are the corresponding free
particle wavefunctions and are given in terms of Riccati-
Bessel functions. G(r, x) is the free particle Green’s function
which can be expressed in matrix form in terms of the Riccati-
Bessel and Riccati-Neumann functions [see Eqs. (23), (24a),
and (24b) of I for details]. The subscript k on the scattering
wavefunctions is the relativistic angular momentum quantum
number of the incident electron. It is related to the
TABLE 1. A selection of the present theoretical OP results (310216 cm2) for electron scattering from Mg
Energy (eV) Elastic (310216 cm2) Inelastic (310216 cm2) TICS (310216 cm2) Total (310216 cm2)
0.02 59.563 308 0 0 59.563 308
0.03 75.459 16 0 0 75.459 16
0.04 102.232 228 0 0 102.232 228
0.05 146.381 172 0 0 146.381 172
0.07 305.877 404 0 0 305.877 404
0.1 774.475 632 0 0 774.475 632
0.15 1003.468 536 0 0 1003.468 536
0.2 683.924 332 0 0 683.924 332
0.3 406.714 056 0 0 406.714 056
0.4 306.710 404 0 0 306.710 404
0.5 256.011 084 0 0 256.011 084
0.7 202.348 02 0 0 202.348 02
1 161.490 84 0 0 161.490 84
1.5 126.120 316 0 0 126.120 316
2 105.611 968 0 0 105.611 968
3 81.323 508 0 0 81.323 508
4 66.851 484 0.043 4 0 66.894 884
5 56.788 536 1.213 128 0 58.001 664
7 43.045 184 5.136 404 0 48.181 588
10 30.187 22 10.413 48 0.399 028 40.999 728
15 19.946 724 10.070 34 3.610 124 33.627 188
20 15.181 516 8.297 968 5.312 384 28.791 868
30 10.971 884 6.373 976 5.995 5 23.341 36
40 9.019 696 5.411 672 5.767 972 20.199 34
50 7.816 928 4.791 164 5.417 58 18.025 672
70 6.360 424 3.981 516 4.751 292 15.093 232
100 5.141 192 3.281 88 3.956 736 12.379 808
150 4.017 58 2.619 344 3.117 268 9.754 192
200 3.348 464 2.212 728 2.610 132 8.171 324
300 2.558 752 1.726 732 2.013 732 6.299 216
400 2.101 764 1.437 996 1.674 176 5.213 936
500 1.799 98 1.246 224 1.447 488 4.493 692
700 1.419 376 1.004 248 1.160 068 3.583 692
1000 1.097 124 0.801 304 0.916 048 2.814 476
2000 0.651 924 0.526 148 0.571 172 1.749 244
3000 0.474 46 0.415 324 0.424 788 1.314 572
5000 0.313 068 0.304 696 0.284 368 0.902 132
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corresponding orbital angular momentum quantum number l
according to k 5 2l 2 1 when j5 l1 1
2
(spin-up) and k 5 l
when j5 l2 1
2
(spin-down) where j is the total angular mo-
mentum quantum number of the incident electron.
Asymptotically, Fk(r) is given by
FkðrÞr/‘/ sin

kr2
lp
2

1 T6l ðkÞ exp

kr2
lp
2

; (6)
where T6l ðkÞ are the complex T-matrix elements. These T-
matrix elements can, in turn, be expressed in terms of the
complex phase shifts h6l ðkÞ according to
T6l ðkÞ5
1
2i

exp

2ih6l ðkÞ

2 1

; (7)
where the real and imaginary parts of the phase shifts are
given by
h6l ðkÞ5 d6l ðkÞ1 i g6l ðkÞ : (8)
Here the superscript 1 refers to ‘‘spin up’’ while the super-
script 2 refers to ‘‘spin down.’’ In terms of these real and
imaginary parts of the phase shifts, the integrated elastic cross
section is given by
sel

k2

5
2p
k2

‘
l5 0
fðl1 1Þ exp22g1l  ½cosh 2g1l 2 cos 2d1l 
1 l exp

22g2l
½cosh 2g2l 2 cos 2d2l g (9)
while the total inelastic or absorption cross section is given by
sinel

k2

5
p
k2

‘
l5 0
ðl1 1Þ 12 exp24g1l 
1 l

12 exp

24g2l
	
: (10)
2.2.1. The optical potential
For magnesium, the following 10 bound excited states, in
intermediate coupling notation, were included in Uopt(r),
FIG. 1. A selection of the available experimental and theoretical elastic ICS
results, including our newOP and ROP results. See the legend for further details.
FIG. 2. A selection of the available experimental and theoretical summed
electronic-state excitation ICS results, including our newOP and ROP results.
See the legend for further details.
FIG. 3. A selection of the available experimental and theoretical total
ionisation cross section results, including our new OP and ROP results. See
the legend for further details.
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namely, 3p½3=2o1, 3p½1=2o1, 4p½3=2o1, 4p½1=2o1, 5p½3=2o1,
5p½1=2o1, 6p½3=2o1, 6p½1=2o1, 7p½3=2o1, and 7p½1=2o1 in order
to simulate excitation processes. Also included in Uopt(r)
were all continuum states with orbital angular momentum
given by lc5 0, 1, 2, 3, and 4, in order to simulate ionisation
processes. The integration over the continuum states in the
absorption potential was approximated by using Gauss-
Legrendre integration usually with 16–24 points. The
continuum channels also included the ionisation of 2p and
2p electrons at 54 eV and a 2s electron at 92 eV. In a rela-
tivistic close coupling expansion, it is necessary to couple
the total angular momentum of the electron in the excited
state (bound or continuum) to the total angular momentum
of the incident electron to obtain the total angular mo-
mentum J of the electron–atom system. This total angular
momentum J is then conserved during the collision process.
Under the above circumstances, this gave rise to a maxi-
mum of 30 excitation channels and 247 ionisation channels
in Uopt(r).
A summary of the ROP results, including the momentum
transfer cross sections (MTCSs), is given in Table 2, with the
plots of its integral elastic cross sections, summed electronic-
state cross sections, and the TICS being found in Figs. 1–3
respectively.
3. Results and Discussion
In Fig. 1, we plot the present OP and ROP integral elastic
cross sections and where possible compare them to the results
from the available experimental data1,2,7 and earlier theoret-
ical close coupling (CCC) and R-matrix (BSR) computa-
tions.18,19 All six theoretical ICS results show the same main
semi-quantitative features. Namely, the cross section rises
significantly in magnitude from 0 eV to ;0.15 eV where the
peak of a p-wave resonance feature18,49 has a very large cross
section magnitude of ;1000 3 10216 cm2. This resonance
feature was first observed in the electron transmission spec-
trum (ETS) of Burrow et al.,50 who found it to occur at an
energy of 0.15 eV. This value is in excellent agreement with
what we found from our OP and ROP results and from the
CCC 186-state [CCC(186)] calculation. The BSR(48) com-
putation found the resonance peak at a slightly higher energy,
but this probably simply reflects the smaller number of states
in their basis compared to that employed in the CCC. Above
0.15 eV, all the available calculations [OP, ROP, CCC(186),
CCC(259), BSR(48), and BSR(712)] show that the magnitude
of the elastic ICS decreases significantly with the increasing
energy of the incident electron (note the log axis scale). In-
terestingly, our ROP result indicates a plateau structure in the
elastic ICS at around 3 eV. This corresponds well to a reso-
nance feature in the ETS50 between 2.5 and 3 eV, which they
associate with the opening of the 33P electronic-state of Mg.
While we cannot definitively assert that the plateau in our
ROP calculation is the result of this same resonance, it is
plausible that it will be. Between 10 and 100 eV, we can now
compare all the theoretical results to the experimental data.
We note that the available data1,2,7 do exhibit some scatter,
agreeing with the OP and ROP results better at some energies
and with the CCC and BSR results at others. Further com-
plicating this comparison is that all the experimental ICSs
were derived from DCS measured over a finite angular range.
This means that those DCS need to be extrapolated to 08 and
1808 before integration to derive the ICS. As the elastic DCS
are all strongly peaked at the more forward scattered electron
angles, such an extrapolation is difficult, possibly subjective,
and may introduce important uncertainties into the derived
experimental ICS. We note that Brunger et al.2 tried to avoid
this problem by applying the modified complex phase-shift
analysis procedure of Allen and co-workers,51,52 but even
here caution must still be exercised. In any event, the overall
comparison between theory and experiment for energies in
the 10–100 eV range and between the theoretical results
themselves, on the elastic ICS, is largely favourable, making
the derivation of an accurate recommended ICS for elastic
scattering (see Sec. 4) highly feasible here.
The first thing we notice about the summed electronic-state
ICS (see Fig. 2) is that our OP result underestimates its
magnitude, compared to the measured data,1,8–11 our ROP
results, the BSR results,19 and the CCC results,19 at all en-
ergies #100 eV. We believe that this observation reflects, at
least in part, its semi-phenomenological approach in sepa-
rating the summed discrete electronic-state cross sections
from the total absorption (discrete 1 continuum processes)
cross section actually calculated. As a consequence, we do not
discuss it further here, and nor does it figure in constructing
our recommended data for this process in Sec. 4. It is also
apparent in Fig. 2 that for energies less than about 7 eV, our
ROP calculation underestimates the magnitude of the near-
threshold electronic-state cross sections. This is reminiscent
of what we found in our recent investigation in beryllium,53
and we believe it is due to a similar reason. Namely, there are
some strong near-threshold resonance states, found in both the
BSR and CCC computations,19 which greatly enhance the
magnitude of the 33P excitation cross section. As the present
ROP calculation includes only a relatively small number of
excited states and does not include closed excitation channels,
hence it cannot replicate this type of resonance. Therefore, in
constructing our recommended dataset for the summed
electronic-state ICSs, see Sec. 4, we prefer the BSR and CCC
results for energies below 7 eV. For energies above 7 eV,
however, at least up to 60 eV, all the available data1,8–11
support the present ROP result over the BSR and CCC results.
Nonetheless, the same caveat we mentioned above in our
discussion of deriving experimental ICS from DCS measured
over a finite angular range also applies here. While the effect
is not as drastic here, as the ICSs can be measured to scat-
tering angles close to 08, it must still be borne in mind when
we come to form our recommended dataset. For energies
between 60 and 100 eV, however, all the theoretical and
available measured data are in good accord here (see Fig. 2) so
that we can again approach forming a recommended ICS set
for the summed electronic-states with some confidence (see
Sec. 4).
Finally, in Fig. 3, let us consider the total ionisation cross
section for electron–magnesium scattering. In this case, we
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TABLE 2. A selection of the present ROP results (310216 cm2) for electron scattering from Mg
Energy (eV) Elastic (310216 cm2) Inelastic (310216 cm2) TICS (310216 cm2) MTCS (310216 cm2)
0.02 341.317 0 0 451.818
0.03 379.338 0 0 528.577
0.05 504.377 0 0 692.608
0.07 683.012 0 0 837.708
0.09 855.488 0 0 909.687
0.11 959.742 0 0 892.250
0.13 985.187 0 0 818.055
0.19 847.946 0 0 567.267
0.22 762.557 0 0 480.612
0.26 665.120 0 0 398.594
0.34 523.367 0 0 299.355
0.42 428.163 0 0 241.300
0.50 360.045 0 0 202.107
0.60 297.890 0 0 166.980
0.80 216.677 0 0 120.644
1.00 167.040 0 0 91.881
1.20 135.477 0 0 74.297
1.50 109.607 0 0 63.553
1.70 102.438 0 0 59.558
2.70 91.675 0 0 41.497
2.80 89.457 726 0.025 502 0 42.537 353
2.90 88.088 309 0.041 407 0 40.390 832
3.20 84.240 645 0.079 891 0 34.805 106
3.40 81.841 903 0.099 886 0 31.674 948
3.80 77.344 775 0.131 776 0 26.530 485
4.20 73.170 002 0.153 921 0 22.544 311
4.40 70.807 325 0.431 383 0 20.735 437
4.60 67.782 902 1.554 829 0 18.713 487
5.20 59.588 585 5.472 386 0 13.908 489
6.00 51.438 904 9.670 431 0 10.061 396
7.00 43.863 656 13.661 446 0 7.286 416
7.80 39.413 397 16.068 932 0.023 631 5.926 219
8.00 38.439 476 16.584 174 0.082 985 5.652 987
8.20 37.512 083 17.052 273 0.163 472 5.402 357
8.60 35.795 422 17.826 660 0.369 543 4.960 303
9.00 34.256 010 18.388 216 0.615 701 4.589 758
10.00 31.049 895 19.201 214 1.305 798 3.887 527
12.00 26.422 927 20.107 225 2.620 630 3.020 960
14.00 23.168 722 20.588 336 3.621 835 2.522 850
16.00 20.749 735 20.481 877 4.317 276 2.224 313
18.00 18.899 403 20.069 614 4.780 953 2.039 118
22.00 16.268 726 19.242 602 5.261 882 1.837 048
30.00 13.141 434 18.028 330 5.386 281 1.694 724
40.00 11.049 856 16.295 613 5.040 673 1.638 890
50.00 9.604 558 14.540 219 4.607 341 1.611 585
70.00 7.873 279 11.923 636 3.863 964 1.515 950
100.00 6.384 028 9.458 905 3.141 428 1.269 803
150.00 4.958 657 7.301 478 2.434 628 0.915 652
200.00 4.097 104 5.801 537 2.003 906 0.688 539
250.00 3.513 484 4.838 353 1.715 277 0.540 708
300.00 3.090 268 4.052 504 1.503 220 0.439 272
400.00 2.514 612 2.985 749 1.209 158 0.311 613
500.00 2.138 188 2.314 992 1.010 307 0.235 871
650.00 1.763 410 1.746 789 0.824 297 0.167 599
750.00 1.585 948 1.464 862 0.727 290 0.138 305
850.00 1.444 475 1.252 365 0.649 003 0.116 490
1000.00 1.278 008 1.018 388 0.556 102 0.092 738
1500.00 0.934 904 0.612 186 0.383 504 0.051 180
2000.00 0.742 996 0.417 093 0.282 650 0.032 946
2500.00 0.618 657 0.307 856 0.219 319 0.023 115
3000.00 0.530 613 0.239 202 0.176 172 0.017 150
3500.00 0.465 238 0.192 582 0.145 215 0.013 338
4000.00 0.414 534 0.159 159 0.122 203 0.010 699
4500.00 0.374 012 0.134 186 0.104 604 0.008 791
5000.00 0.340 860 0.114 932 0.090 826 0.007 364
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TABLE 3. Our recommended elastic ICSs, summed electronic-state excitation ICSs, and the TICS for electron–Mg
scattering (all in units of 10216 cm2) on a fine energy grid. The uncertainty on the elastic data is 615%, the
uncertainty on the summed electronic-state data is 625%, and the uncertainty on the TICS is 615%
Energy (eV) Elastic (310216 cm2) Inelastic (310216 cm2) TICS (310216 cm2)
2.000 000 3 1022 21.1229
2.110 000 3 1022 24.0914
2.220 000 3 1022 27.0600
2.340 000 3 1022 30.2984
2.470 000 3 1022 33.8066
2.600 000 3 1022 37.3149
2.740 000 3 1022 41.0930
2.890 000 3 1022 45.1410
3.050 000 3 1022 49.4589
3.210 000 3 1022 53.7767
3.380 000 3 1022 58.3645
3.570 000 3 1022 66.1743
3.760 000 3 1022 74.4246
3.960 000 3 1022 83.1813
4.180 000 3 1022 94.3821
4.400 000 3 1022 105.583
4.640 000 3 1022 117.802
4.890 000 3 1022 134.393
5.150 000 3 1022 152.839
5.430 000 3 1022 173.161
5.720 000 3 1022 194.812
6.030 000 3 1022 224.496
6.360 000 3 1022 257.798
6.699 999 3 1022 293.545
7.060 000 3 1022 333.947
7.450 000 3 1022 382.067
7.850 000 3 1022 438.059
8.270 000 3 1022 500.513
8.719 999 3 1022 572.477
9.190 001 3 1022 643.987
9.680 001 3 1022 723.335
0.102 000 799.637
0.108 000 869.621
0.113 000 921.324
0.120 000 982.326
0.126 000 998.228
0.133 000 1007.32
0.140 000 997.505
0.147 000 970.676
0.155 000 931.311
0.164 000 879.077
0.173 000 826.232
0.182 000 774.835
0.192 000 723.164
0.202 000 674.815
0.213 000 625.694
0.225 000 581.788
0.237 000 541.511
0.250 000 504.605
0.263 000 473.795
0.277 000 444.800
0.292 000 419.713
0.308 000 392.956
0.325 000 370.611
0.342 000 350.207
0.361 000 330.001
0.380 000 312.814
0.400 000 297.712
0.422 000 283.871
0.445 000 270.223
0.469 000 260.873
0.494 000 252.143
0.521 000 243.061
0.549 000 233.937
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TABLE 3. Our recommended elastic ICSs, summed electronic-state excitation ICSs, and the TICS for electron–
Mg scattering (all in units of 10216 cm2) on a fine energy grid. The uncertainty on the elastic data is 615%, the
uncertainty on the summed electronic-state data is625%, and the uncertainty on the TICS is615%—Continued
Energy (eV) Elastic (310216 cm2) Inelastic (310216 cm2) TICS (310216 cm2)
0.579 000 224.621
0.610 000 215.791
0.643 000 208.538
0.678 000 200.708
0.714 000 194.227
0.753 000 187.510
0.793 000 181.555
0.836 000 176.727
0.881 000 170.597
0.929 000 166.352
0.979 000 160.991
1.030 00 157.816
1.090 00 153.746
1.150 00 149.134
1.210 00 144.685
1.270 00 140.607
1.340 00 136.102
1.410 00 131.840
1.490 00 127.344
1.570 00 123.702
1.660 00 119.992
1.750 00 116.589
1.840 00 113.348
1.940 00 109.770
2.040 00 106.741
2.150 00 104.308
2.270 00 101.662
2.390 00 99.021 4
2.520 00 96.165 8
2.660 00 93.094 7
2.714 00 0.000 000
2.720 00 1.685 10
2.800 00 89.719 7 16.894 0
2.950 00 78.629 2 23.821 3
3.110 00 74.119 9 21.095 8
3.280 00 71.465 9 18.871 7
3.460 00 69.130 0 17.151 5
3.640 00 66.954 6 15.792 9
3.840 00 64.263 3 14.546 9
4.050 00 62.712 7 13.464 9
4.270 00 60.252 8 12.835 1
4.500 00 58.323 3 12.234 0
4.740 00 56.491 4 12.303 8
5.000 00 53.980 6 13.099 4
5.270 00 51.472 0 13.200 1
5.550 00 49.641 8 13.218 4
5.850 00 47.284 4 13.950 3
6.170 00 45.467 1 13.294 2
6.500 00 43.360 3 13.680 1
6.850 00 41.560 8 13.723 6
7.220 00 39.813 5 14.152 5
7.610 00 37.981 2 14.937 2
7.653 26 0.000 000
7.700 00 7.200 000 3 1022
8.020 00 36.117 3 15.639 2
8.100 00 0.421 000
8.400 00 0.800 000
8.450 00 34.263 8 16.198 4
8.910 00 32.360 4 16.414 8
9.200 00 1.660 00
9.390 00 30.518 1 16.330 0
9.700 00 2.210 00
9.900 00 28.678 2 15.977 6 2.320 00
10.400 0 27.401 5 15.898 2
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TABLE 3. Our recommended elastic ICSs, summed electronic-state excitation ICSs, and the TICS for electron–
Mg scattering (all in units of 10216 cm2) on a fine energy grid. The uncertainty on the elastic data is 615%, the
uncertainty on the summed electronic-state data is625%, and the uncertainty on the TICS is615%—Continued
Energy (eV) Elastic (310216 cm2) Inelastic (310216 cm2) TICS (310216 cm2)
11.000 0 26.029 1 16.190 9 3.068 60
11.600 0 24.872 9 16.298 8 3.542 56
12.200 0 23.637 1 16.428 0 3.914 02
12.900 0 22.409 4 16.465 8 4.265 14
13.600 0 21.284 3 16.563 2 4.563 76
14.300 0 20.212 9 16.648 5 4.770 38
15.100 0 19.097 7 16.657 8 4.926 54
15.900 0 18.276 8 16.608 7 5.001 26
16.700 0 17.493 5 16.586 5 5.075 98
17.600 0 16.699 5 16.469 5 5.144 04
18.600 0 15.890 6 16.364 4 5.157 44
19.600 0 15.137 6 16.325 7 5.170 84
20.700 0 14.460 6 16.276 8 5.150 36
21.800 0 13.890 6 16.195 5 5.107 56
23.000 0 13.339 1 16.083 3 5.056 19
24.200 0 12.858 1 15.979 5 5.000 14
25.500 0 12.287 2 15.867 0 4.944 89
26.900 0 11.761 7 15.719 5 4.891 37
28.300 0 11.290 4 15.576 8 4.841 80
29.900 0 10.795 0 15.410 2 4.787 67
31.500 0 10.460 6 15.228 7 4.721 70
33.200 0 10.121 4 15.034 2 4.654 52
35.000 0 9.779 82 14.832 0 4.588 04
36.800 0 9.456 06 14.622 7 4.527 96
38.800 0 9.112 99 14.389 2 4.418 53
40.900 0 8.802 76 14.143 4 4.287 06
43.100 0 8.531 21 13.884 2 4.170 48
45.500 0 8.241 80 13.603 4 4.038 35
47.900 0 7.978 35 13.329 9 3.803 40
50.500 0 7.707 34 13.039 0 3.699 56
53.200 0 7.488 66 12.760 5 3.574 31
56.100 0 7.258 22 12.467 4 3.460 91
59.100 0 7.027 34 12.174 7 3.375 17
62.300 0 6.811 60 11.882 9 3.222 90
65.700 0 6.596 75 11.584 2 3.054 99
69.200 0 6.382 20 11.288 1 3.008 13
73.000 0 6.189 05 10.983 1 2.902 37
76.900 0 6.012 76 10.689 0 2.796 17
81.100 0 5.839 00 10.394 0 2.707 38
85.500 0 5.667 94 10.101 5 2.594 65
90.100 0 5.493 62 9.804 62 2.486 94
94.900 0 5.320 08 9.512 10 2.436 49
100.000 9.210 01 2.293 30
105.000 2.235 35
110.000 8.798 20
111.000 2.090 45
117.000 2.064 52
120.000 8.310 80
123.000 2.022 59
130.000 7.872 66 1.988 13
137.000 1.904 18
140.000 7.474 41
145.000 1.838 14
150.000 4.017 31 7.109 35
152.000 1.795 84
160.000 6.772 70
161.000 1.738 36
169.000 1.670 07
170.000 6.460 89
178.000 1.587 81
180.000 6.171 07
188.000 1.537 79
190.000 5.901 07
198.000 1.492 77
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TABLE 3. Our recommended elastic ICSs, summed electronic-state excitation ICSs, and the TICS for electron–
Mg scattering (all in units of 10216 cm2) on a fine energy grid. The uncertainty on the elastic data is 615%, the
uncertainty on the summed electronic-state data is625%, and the uncertainty on the TICS is615%—Continued
Energy (eV) Elastic (310216 cm2) Inelastic (310216 cm2) TICS (310216 cm2)
200.000 3.348 24 5.648 88
209.000 1.426 97
220.000 1.361 52
225.000 5.185 18
232.000 1.336 26
245.000 1.309 74
250.000 4.711 04
258.000 1.265 07
272.000 1.204 75
275.000 4.301 64
286.000 1.157 08
300.000 2.558 58 3.945 87
302.000 1.120 58
318.000 1.086 62
325.000 3.635 06
335.000 1.049 57
350.000 3.362 10
353.000 1.012 27
372.000 0.976 589
375.000 3.121 07
393.000 0.940 124
400.000 2.101 62 2.907 19
414.000 0.906 552
425.000 2.716 52
436.000 0.877 386
450.000 2.545 85
460.000 0.857 267
475.000 2.392 46
484.000 0.837 561
500.000 1.799 86 2.254 08
511.000 0.815 234
538.000 0.792 355
550.000 2.078 28
567.000 0.765 213
598.000 0.730 004
600.000 1.873 65
630.000 0.695 072
650.000 1.700 83
664.000 0.668 806
700.000 1.419 28 1.553 34
750.000 1.426 32 0.575 150
800.000 1.317 27
850.000 1.219 41
870.000 0.503 220
900.000 1.134 31
950.000 1.058 86
1000.00 1.097 05 0.991 591 0.501 100
1150.00 0.443 020
1320.00 0.371 800
1500.00 0.596 078
1520.00 0.335 330
1750.00 0.290 450
2000.00 0.651 880 0.406 118
2010.00 0.250 710
2300.00 0.237 520
2500.00 0.299 755
2650.00 0.211 220
3000.00 0.474 428 0.232 908 0.186 650
3500.00 0.187 515 0.156 250
4000.00 0.154 971 0.149 050
4500.00 0.130 655
4600.00 0.130 600
5000.00 0.313 047 0.111 908
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have three independent sets of measured data,14–16 all of
which largely agree with one another to within their stated
errors and over their common energy range, as well as the OP,
ROP, CCC,19 and BSR19 theoretical results. It is clear from
Fig. 3 that none of the existing theories are able to reproduce
the measured data over the relevant energy ranges available
for comparison. Best agreement, to within the experimental
uncertainties, from threshold to about 60 eV is provided by the
BSR(712) computation, although even this somewhat sys-
tematically underestimates the magnitude of the TICS in that
energy regime. At higher energies, E0 * 500 eV, it is the
present ROP result which best reproduces the measured TICS.
However, for energies between ;50 and 500 eV, none of the
theories are able to reproduce the measured TICS which
suggests that further computational work is required here
before a quantitative theoretical description is achieved for
ionisation. As the JPL14 and Belfast16 groups have very good
reputations for making absolute TICS measurements, our
recommended data are formed from an average of their results
(see Sec. 4).
4. Recommended Data
The recommended integral elastic cross section has been
formed in the following manner. From 0.02 eV to 1.065 eV,
this latter energy being where the ROP, OP, CCC(186) and
BSR(48) all agree in cross section magnitude, we have
employed the CCC(186) result. This is because we believe
that at these lower energies, the close coupling calculations
will be more accurate than those from the OP methods. In
addition, as the CCC incorporates more basis sets (186 versus
48 for the BSR) than the BSR result, we expect it will be the
more accurate of the two. From 1.065 eV to 100 eV, there is
less to differentiate between all theoretical results so that we
have taken an average of the OP, ROP, CCC, and BSR cross
section values in order to determine the recommended data.
Finally, for energies between 100 and 5000 eV, we have
employed our OP data, scaled by a factor of 0.999933 to
ensure continuity at 100 eV, to set the cross section values at
those higher energies. A summary of our recommended
elastic ICSs is given in Table 3, while a plot of it is in-
corporated into Fig. 4. Consistent with the philosophy out-
lined in Ref. 54, we assign an error, as we are dealing with a
target which is not gaseous at room temperature, of615% on
our recommended elastic ICS.
In the case of the summed electronic-state excitation cross
sections, the BSR(712) are preferred (see the above discus-
sion) for energies from threshold to 7.07 eV. Thereafter, be-
tween 7.07 and 100 eV, an average of the CCC(259), BSR
(712), and our ROP cross sectionl results was used to generate
the recommended data. Finally, for energies above 100 eV, the
ROP ICS, suitably scaled by a factor of 0.973687 to ensure
continuity at 100 eV, are employed to constitute our higher
energy results. The excellent agreement between our ROP
ICS and the BSR(712) ICS for energies between 80 and
200 eV (see Fig. 2) suggests that an appropriately scaled form
of our ROP ICS can also be applied to extend all the individual
discrete excitation process (e.g., 31S/ 31P, 31S/ 33P, and
so on) cross sections in Ref. 19 to 5000 eV. This would pro-
vide an extra degree of precision for the modeling community
over that afforded by the summed ICS data. Our recom-
mended discrete electronic-state excitation ICSs are listed in
Table 3 and plotted in Fig. 4. Following Buckman et al.54
again, we ascribe uncertainties on our recommended ICS here
to be 625%.
As discussed above in Sec. 3, none of the available the-
ories provide an adequate description of the TICS from
threshold to 5000 eV. On the other hand, there are well-
regarded measurements from Refs. 16 and 14 that, over their
common energy range and to within their stated un-
certainties, are in very good agreement with one another. As
a consequence, we have formed our recommended TICS
from threshold to about 10 eV using Ref. 16, an average of
the cross sections from Refs. 14 and 16 from;10 eV to 700
eV, and finally the TICS from Ref. 16 above 700 eV. These
data are also listed in Table 3 and plotted in Fig. 4. Con-
sistent with the uncertainties on the available Mg TICS14–16
and recent measurements of the TICS for species that are not
gaseous at room temperatures,55–57 we estimate the un-
certainties on the present TICS to be 615%.
In Fig. 5, we present the results for the drift velocity, W,
characteristic energy, DT ∕m (where DT is the transverse dif-
fusion coefficients and m is the mobility), and the reduced
ionisation rate, k, for an electron swarm inMg vapour over the
range of reduced fields, E ∕n0, from 0.1 to 1000 Td, where n0 is
the neutral density. The results in Fig. 5 compare the transport
coefficients calculated using both the ROP and the recom-
mended cross section sets. In all calculations for both sets, we
have assumed isotropic scattering in the inelastic and ion-
isation channels utilising the relevant integral cross sections
for these processes. We have considered the anisotropic
FIG. 4. Summary plot of our recommended cross section data (310216 cm2)
for e2–Mg scattering. See also the legend for further details.
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nature of elastic scattering at the level of the MTCS in both
cases. The elastic MTCS for the ROP is implemented directly
as per Table 2, while for the recommended set, we have as-
sumed the form of differential cross section for the ROP
method to scale the recommended integrated elastic cross
section to obtain the recommended elastic MTCS. The gas
temperature is fixed at 750 K, which aligns with the gas
temperatures used in the gas phase measurements.14–16
Transport coefficients are calculated using a well bench-
marked multi-term solution of Boltzmann’s equation.27 In
these calculations for electrons in gaseous Mg, we have found
that the two-term approximation58,59 can be in error by as
much as 30% (in the diffusion coefficient) at the higher E ∕n0
region considered.
For reduced fields up to 1-2 Td, electrons are essentially in
thermal equilibrium with the Mg gas, and in this regime, the
electron transport is essentially governed by elastic scattering
processes. The reduced drift velocity of the ROP set compared
to the recommended set in this region is a reflection of the en-
hanced elastic cross section in the low energy region as shown in
Fig. 1. Furthermore, we observe that the characteristic energy
for the recommended set risesmuch slower with increasing field
in the intermediate field region due to the enhanced inelastic
cross section near threshold of the recommended summed in-
elastic channels. These enhanced inelastic scattering processes
in the recommended set consequently enhance the field required
for the onset of ionisation as compared with the ROP set. For
fields higher than 1000 Td, there is a general convergence in the
transport coefficients calculated for the two different cross
section sets. Please note that a definitive swarm analysis would
require us to include all the individual excited-state electronic
channels. The aim of this swarm study, however, was to high-
light the sensitivity of the transport data to the input cross sec-
tions (see Fig. 5). For this, the inclusion of the summed ICSs,
both from our calculations and from our recommended data,
was sufficient. If experimental swarm data for Mg were to be-
come available in the future, we note that all individual elec-
tronic excitation channels would need to be considered.
5. Conclusions
We have reported new OP and ROP theoretical results for
the electron–magnesium scattering system. Specifically, in-
tegral elastic cross sections, integral cross sections for the
summed electronic-state excitations and the total ionisation
cross sections were computed over a wide energy range and
compared against the corresponding previous measurements
and other calculations. As a result of these comparisons, a set
of recommended cross section data, with uncertainty esti-
mates, has been compiled for each of these same processes,
with those data being very useful for modellers seeking to
simulate systems in which magnesium is a constituent and
electron scattering relevant. We consequently presented a
brief study of the electron transport in Mg gas at 750 K and
showed that the transport coefficients are quite sensitive to the
cross section set. This will hopefully motivate future swarm
experiments for this system.
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